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Very recently, the Belle and BESIII experiments observed a new charmonium-like state X(3823), which is a
good candidate for the D-wave charmonium ψ(13D2). Because the X(3823) is just near the DD̄∗ threshold, the
decay X(3823) → J/ψπ+π− can be a golden channel to test the significance of coupled-channel effects. In this
work, this decay is considered including both the hidden-charm dipion and the usual quantum chromodynam-
ics multipole expansion (QCDME) contributions. The partial decay width, the dipion invariant mass spectrum
distribution dΓ[X(3823) → J/ψπ+π−]/dmπ+π− , and the corresponding dΓ[X(3823) → J/ψπ+π−]/d cos θ distri-
bution are computed. Many parameters are determined from existing experimental data, so the results depend
mainly only on one unknown phase between the QCDME and hidden-charm dipion amplitudes.

PACS numbers: 14.40.Pq, 13.66.Bc
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I. INTRODUCTION

Charmonium spectroscopy plays an important role in un-
derstanding strong interactions. New states appear contin-
uously in experiments and are still puzzling, as they seem
not to fit the model predictions. See Refs. [1–6] for re-
views. However, some quark model low-lying states, such
as the ηc2(11D2), ψ(13D2), or even the state ψ(13D3), are still
missing [7]. Observation of the properties of these missing
charmonium states can distinguish different phenomenologi-
cal models, namely, quenched models, which consider only
the naive qq̄ spectrum (e.g., [8]), and unquenched models,
where the coupled-channel effect is considered to be relevant
[9].

Experiments show evidence of a state very likely to be in-
terpreted as the ψ(13D2), the X(3823). In 1994, the E705
experiment indicated a state in channel J/ψπ+π− with 2.8σ
and mass and width m = 3836 ± 13 MeV and Γ = 24 ± 5
MeV, respectively [10]. Interpretation as the 13D2 was fa-
vored, since the 11D2 decays into this channel is suppressed
by G-parity, and the 13D3 decays to the Okubo–Zweig–Iizuka
(OZI)-allowed opened channel DD̄, making it less likely to
be seen in an OZI-suppressed channel. However, the observa-
tion of the X(3823) was not confirmed by other experiments
in the following 19 years. Finally, in 2013, Belle reported
evidence of a new charmonium-like state in the radiative de-
cay to χc1γ with mass 3823.1 ± 1.8(stat) ± 0.7(syst) MeV and
significance 3.8 σ [11]. Very recently, BESIII confirmed the
signal in the χc1γ invariant mass spectrum with a significance
of 6.2σ in the process e+e− → π+π−γχc1, with a measured
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mass of 3821.7 ± 1.3(stat) ± 0.7(syst) MeV and a width of
less than 16 MeV [12]. Therefore, the X(3823) is now firmly
established.

The X(3823) is consistent with the theoretical prediction
of the long-missing charmonium ψ(13D2) [13]. Although the
mass of ψ(13D2) exceeds the DD̄ threshold, the ψ(13D2) →
DD̄ channel is forbidden by parity conservation. Thus, no
OZI-allowed open-charm decay modes exist, so the ψ(13D2)
is expected to be a very narrow state. As a triplet state, the
ψ(13D2) should typically decay to the 13S 1ππ, alias J/ψππ,
and decay radiatively to 13P1γ and 13P2γ, alias χc1γ and
χc2γ, respectively. All of these channels have been analyzed
in the above experiments, and enhancements have been de-
tected. In addition, the upper limit for the ratio B(X(3823) →
χc2γ)/B(X(3823) → χc1γ) was given as < 0.41 by Belle and
< 0.42 by BESIII; these values are consistent with prior theo-
retical calculations in Refs. [13–16], which give an upper ra-
tio of around 0.24. In the same works, the partial decay width
for ψ(13D2) → J/ψπ+π− is estimated to be around 45 keV,
a value well below the upper limit for the signal observed at
E705. All this evidence strongly supports the identification of
the X(3823) with the ψ(13D2).
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FIG. 1: (color online). Comparison of the mass of X(3823) with
the DD̄ and DD̄∗ thresholds, and some allowed and forbidden decay
channels.

In theory, all OZI-allowed decay channels, which are not
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forbidden by conservation of quantum numbers, have nonzero
coupling to the bare state qq̄ even if they are closed. We ob-
serve that the DD̄∗ threshold lies only about 50 MeV above
the mass of the X(3823), as shown in Fig. 1. We suppose that
the influence of DD̄∗ in the X(3823) state may be visible in
its strong decay to J/ψππ. This idea is supported by several
studies of hadronic transitions between heavy quarkonia, sug-
gesting the relevance of coupled-channel effects [17–23].

In the present work, the X(3823) is assumed to be the
ψ(13D2); inspired by the observation of the X(3823) so
near the DD̄∗ threshold, we investigate the influence of the
DD̄∗ channel in the hidden-charm dipion decay X(3823) →
J/ψπ+π−. For this purpose, we study the dipion invariant mass
and the scattering angle distributions of this process with and
without the influence of DD̄∗. Moreover, we try to compare
the results with the sparse data from the E705 experiment.
We employ two different methods. First, we apply the quan-
tum chromodynamics multipole expansion (QCDME) [24] to
study the decay X(3823) → J/ψπ+π− without the coupled-
channel effects and obtain the distribution of the dipion in-
variant mass. Second, we calculate the same process includ-
ing the hadronic loop mechanism, which is an effective de-
scription of the coupled-channel effect [18]. By adding DD̄∗,
we illustrate the change in the distributions of the dipion in-
variant mass and the polar angle with the interference of the
coupled channel. Because these results might be accessible in
current experiments, we consider that X(3823) → J/ψπ+π−

is a golden channel to test the coupled-channel effect, and we
also expect to motivate further analysis. We would like to note
the relevance of this study to future theoretical development.
The ψ(13D2) is a charmonium state, i.e., a heavy quark state,
below all possible OZI-allowed thresholds. If we can show
that coupling to a not-so-nearby closed channel is relevant to
a faithful description of the state, this means that we surely
cannot neglect the influence of the OZI-allowed decay chan-
nels in any serious description of resonances or light-quark
systems [25].

This paper is organized as follows. In Sec. II, we describe
the study of X(3823)→ J/ψπ+π− via the QCDME method. In
Sec. III, we present the calculation details of the same process
using the hadronic loop mechanism, and in Sec. IV, we show
numerical results for the dipion invariant mass and scattering
angle including the coupled-channel effects. The paper ends
with a summary in Sec. V.

II. STUDY OF X(3823)→ J/ψπ+π− WITHOUT
COUPLED-CHANNEL EFFECTS

In this section, we employ the QCDME method to study
the hadronic transition X(3823) → J/ψπ+π− without consid-
ering any coupled-channel effect. The method has typically
been applied to OZI-suppressed decays of heavy quarkonia
with emission of light quarks and has proved to be reliable
for general predictions of ππ invariant mass distributions and
decay widths. The general idea is that a heavy quarkonium
de-excites to a lower energy level, i.e., a lower radial level
or orbital angular momentum level, by radiating gluons, in a

manner very similar to that of the electromagnetic transitions
within an atom. However, in contrast to the electromagnetic
case, two complex vertices are involved; in the first vertex, we
have multipole gluon emissions, whereas in the second vertex,
hadronization occurs. Details of the QCDME method can be
found in Refs. [17, 26, 27].

Our process is a transition between two triplet states,
13D2 → 13S 1ππ, which is dominated by double color-electric
dipole emissions (E1-E1). By identifying Φi, Φ f , and h with
the initial and final heavy quarkonium QQ̄ states and the emit-
ted light hadrons, respectively, the transition amplitude can be
expressed as [17, 26]

ME1−E1 = i
g2

E

6

〈
Φ f h

∣∣∣∣~x · ~EG(Ei)~x · ~E
∣∣∣∣ Φi

〉
, (1)

where gE is the effective coupling constant for the chromo-
electric multipole gluon emissions, ~x is the separation be-
tween Q and Q̄, and ~E is the color-electric field. The Green
function G(Ei), where Ei is the initial state energy, is given by

G(Ei) = 1/(Ei − H8 − iD0) (2)

with the gauge covariant time derivative

D0 = ∂0 − gĀ0. (3)

Equations (2) and (3) represent propagation of the intermedi-
ate states between the two color-electric dipole vertices. In
these vertices, we have color-singlet states composed of the
QQ̄ color octet, gluons, and light quarks. The gluon field is
represented by Ā0, and H8 denotes the octet component of the
Hamiltonian.

Equation (1) must be simplified to a calculable form. Be-
cause we do not understand the confinement mechanism, we
need to introduce two further models to account for the un-
known variables at both vertices. For the first vertex, we as-
sume the quark-confining string model. Here, the intermedi-
ate states, i.e., those after emission of the first gluon g and
before emission of the second gluon, are considered to be hy-
brid states. The ground state is simply a string between Q
and Q̄, and the first vibrational mode is the hybrid QQ̄g, the
only one we keep. For the hadronization vertex, the soft-pion
theorem is assumed.

After manipulating Eq. (1), we find that the transition rate
Γ(Φi → Φ fππ) between spin triplets with li = 2 and l f =

0, where li, f is the orbital momentum of the initial and final
states, respectively, gives [27]

Γ[3D→ 3S π+π−] =
4

15
H |c2|

2 | f 1
i f |

2, (4)

whereH denotes the phase-space integral:

H =
π3mJ/ψ

20mX

∫
dm2

ππK

(
1 −

4m2
π

m2
ππ

)1/2 [(
m2
ππ − 4m2

π

)2

×

(
1 +

2
3
K2

m2
ππ

)
+

8K4

15m4
ππ

(
m4
ππ + 2m2

πm
2
ππ + 6m4

π

)]
, (5)
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where

K =
1

2mX

[
(mX + mJ/ψ)2 − m2

ππ

]1/2[
(mX − mJ/ψ)2 − m2

ππ

]1/2
.(6)

The dynamical part f 1
i f is expressed as

f 1
i f =

∑
n

1
mi − mn1

[∫
drr3R f (r)Rn1(r)

]
×

[∫
dr′r′3Rn1(r′)Ri(r′)

]
, (7)

where Ri(r), R f (r), and Rn1(r) are the radial wave functions
of the initial, final, and intermediate vibrational states, respec-
tively, and the subscripts 1 and n correspond to the orbital
angular momentum and radial quantum number, respectively.
The radial wave functions are obtained numerically by solving
the Schrödinger equation using the Cornell potential, which is
defined as

V(r) =
r
a2 −

κ

r
, (8)

where a = 2.34 GeV−1 and κ = 0.52, and the constituent
charm quark mass mc is 1.84 GeV [27].

To obtain the radial wave function Rn1 of the intermediate
vibrational states, we introduce the potential model given in
Ref. [28]:

Vν(r) = V(r) +

[
Vn(r) −

1
a2 r

]
+

Aν

r
. (9)

Here, V(r) is listed in Eq. (8), and Vn(r) is given by

Vn(r) =
1
a2 r

[
1 +

2πa2n
(r − 2d)2 + 4d2

]1/2

≡
1
a2 r[2 − α2

n(r)]−1/2,

d =
r2αn(r)

4a2[2mc + (1/a2)rαn(r)]
. (10)

We consider only the lowest string excitation, which corre-
sponds to n = 1 in Eq. (10), and adjust the constant Aν to fit
the mass of the lowest vibrational state. As treated in Ref.
[27], mν = 4.03 GeV is taken as the mass of the ground state
of the cc̄ vibrational spectrum.

To determine the unknown parameter c2 in Eq. (4), we
use our knowledge of the decays ψ(3686) → J/ψπ+π− and
ψ(3770) → J/ψπ+π−, which are both transitions between
triplet states. Here, we consider the mixing

ψ(3686) = ψ2S cos θ + ψ1D sin θ,
ψ(3770) = −ψ2S sin θ + ψ1D cos θ.

(11)

From the nonrelativistic formulas for the leptonic de-
cay widths and the experimental values for the decays
ψ(3686), ψ(3770) → e+e−, the mixing angle is found
to be around −10◦. Moreover, the decay amplitude for
ψ(3686), ψ(3770) involves a mixture between Eq. (4) and

a similar expression for the decay Γ(3S → 3S ππ), which
involves a new parameter, c1. However, as there are ac-
curate data for the transitions ψ(3686), ψ(3770) → J/ψππ,
both parameters, c1 and c2, are fully determined. We obtain
|c2|

2 ' 1.46×10−4 for the partial width in ψ(3D2)→ J/ψπ+π−.
For the process X(3823) → J/ψπ+π−, Eqs. (5)–(8) give the

results H = 0.0176 GeV7 and f 1
i f = −11.4 GeV−3. Finally,

the partial decay width becomes

Γ[X(3823)→ J/ψπ+π−] ' 89.1 keV, (12)

which is about two times larger than the previous result in
Ref. [13].

We first consider the Γ(X(3823) → J/ψπ+π−) distribution
over the π+π− invariant mass, commonly called the dipion in-
variant mass distribution for simplicity. The result is shown
in Fig. 2 (a). The lower mππ kinematic region is dominated
by the S -wave contribution in the π+π− propagation, whereas
the peak around 0.65 GeV in the π+π− invariant mass spec-
trum is due to the D-wave contribution [29]. We also show
the corresponding experimental data from the E705 [10] ex-
periment in Fig. 2 (b). A comparison of our QCDME re-
sults with the experimental data indicates a clear discrepancy
in the mπ+π− low-momentum region. This result is somewhat
expected because more nonperturbative effects should be re-
vealed at lower energies. Because QCDME appears to be in-
sufficient to describe the data, we need to consider a new effect
on X(3823)→ J/ψπ+π−. As mentioned in Sec. I, the proxim-
ity of X(3823) to the closed DD̄∗ threshold inspires our inter-
est in studying the coupled-channel effects in the decay. This
will be the task in the next section.
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FIG. 2: (color online). The π+π− invariant mass distribution
dΓ[X(3823) → J/ψπ+π−]/dmπ+π− calculated using the QCDME
method (left-hand panel) and the experimental data from E705 [10]
(right-hand panel).

III. INCLUDING THE COUPLED-CHANNEL EFFECTS

In this section, we adopt the effective Lagrangian approach,
which was previously used for several other quarkonium sys-
tems [30–33], to study the decay X(3823) → J/ψπ+π− by
including hadronic loops, i.e., coupled-channel effects. Fig-
ure 3 shows diagrams illustrating the processes on the hadron
level, where the triangle diagrams in (b) and (c) represent the
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coupled-channel contribution. Here, the decay X(3823) →
J/ψπ+π− occurs in two steps, X(3823) → DD̄∗ + h.c., fol-
lowed by (b) DD̄ → σ → π+π− or (c) D∗D̄∗ → σ → π+π−,
and DD̄∗ + h.c.→ J/ψ.

4/ ( )J pψ

( )X p

3( )pσ

4/ ( )J pψ

1( )D p

( )D q

4/ ( )J pψ

3( )pσ

*( )D q

*

2( )D p
( )X p ( )X p

1( )D p
2( )D p

*

1( )kπ
+

1( )kπ
+

1( )kπ
+

2( )kπ
−

2( )kπ
−

2( )kπ
−

FIG. 3: (color online). Diagrams describing X(3823) → J/ψπ+π−.
Diagram (a) represents the direct decay process without considering
the coupled-channel effects, whereas diagrams (b) and (c) show the
coupled-channel contribution.

For the direct diagram in Fig. 3 (a), we adopt the
method in Refs. [29, 34, 35], which are also based
on the concepts of QCDME. The conversion of glu-
ons into two pions is described by the matrix element
〈π+(k1)π−(k2)|g2Fa

µν(x)Fa
λσ(x)|0〉, where g is the QCD cou-

pling constant, a is the color index, and Fa
µν(x) is the gluon

field strength operator. This matrix element can be uniquely
determined using triangle anomalies and the trace of the
energy-momentum tensor, as well as the soft pion approx-
imation (see Refs. [34, 35] for more detailed derivations).
Voloshin [29, 35] constructed the amplitude of the ππ tran-
sition between heavy quarkonium and explicitly separated the
S - and D-wave contributions in the matrix element. For the
direct diagram shown in Fig. 3 (a), the decay amplitude is
[29, 35]

M(a) = igXJ/ψππεκλνσipκ4ε
∗λ
J/ψε

ν
Xµ

2
3

(
1 +

2m2
π

p2
3

)
pσ3 pµ3 − `

σµ

 .(13)

with

`σµ = q̃σq̃µ +
1
3

(
1 − 4m2

π/p2
3

)
(p2

3gσµ − pσ3 pµ3), (14)

where gXJ/ψππ is the partial coupling constant corresponding to
the direct process X(3823) → J/ψπ+π−, εκλνσ is the antisym-
metric symbol, and ε∗λJ/ψ and ενXµ correspond to the polariza-
tion vector of J/ψ and polarization tensor of X(3823), respec-
tively. The first and second terms are defined as p3 = k1 + k2
and q̃ = k1 − k2, where k1, k2 corresponds to the π+π− 4-
momentum; these terms represent the S - and D-wave contri-
butions to dipion propagation, respectively.

For the diagrams with hadron loops in Fig. 3 (b) and (c),
we use the heavy quark effective model. For a heavy-light
meson system, in the heavy quark limit mQ → ∞, there is
heavy quark spin symmetry and heavy quark flavor symmetry.
However, for a heavy quarkonium such as charmonium, heavy

quark flavor symmetry will not hold while heavy quark spin
symmetry still exists [36]. Thus, for charmonium systems,
states with a given orbital angular momentum L but different
spins form a multiplet. For example, the L = 0 (S -wave)
charmonium spin doublet J can be written as [37, 38]

J =
1 + /v

2

[
J/ψµγµ − ηcγ5

]1 − /v
2

, (15)

where vµ is the 4-velocity of the multiplet, and J/ψµ and ηc are
the spin-1 and spin-0 components, respectively. The general
form of the orbital angular momentum L , 0 multiplet has
been established in Refs. [36, 37]. For L = 2, the charmonium
multiplet is given by

Jµλ =
1 + /v

2

[
Xµλα

3 γα +
1
√

6

(
εµαβρvαγβXλ

ρ + ελαβρvαγβXµ
ρ

)
+

√
15

10

[
(γµ − vµ)ψλ + (γλ − vλ)ψµ

]
−

1
√

15

(
gµλ − vµvλ

)
γαψ

α + η
µλ
2 γ5

]
1 − /v

2
, (16)

where all the tensor fields are traceless, symmetric, and trans-
verse. The fields X3, X, ψ, and η2 denote the charmonia with
JPC = 3−−, 2−−, 1−−, and 2−+, respectively, where X and ψ
correspond to X(3823) and ψ(3770), respectively.

The effective Lagrangian describing the open charm
mesons interacting with the S - and D-wave charmonium mul-
tiplet is given by

L = g′Tr
[
J H̄2

←→
∂ µγ

µH̄1

]
+ H.c.,

L = gTr
[
JµλH̄2

←→
∂ µγλH̄1

]
+ H.c., (17)

where
←→
∂ =

−→
∂ −
←−
∂ . The mesons with a single heavy quark

are represented by H1,2, which is defined as

H1 =
1 + /v

2

[
D∗µγµ − Dγ5

]
, (18)

H2 =
[
D̄∗µγµ − D̄γ5

] 1 − /v
2

, (19)

and form a doublet with l = 0, JP = (0−, 1−). The field D(∗)

includes a normalization factor
√

mD(∗) , and H̄1,2 = γ0H†1,2γ
0.

Using Eqs. (16)–(19), we obtain an explicit expression for
the Lagrangian density of X(3823) and ψ(3770) coupling to
the charmed meson pair:

LXDD∗ = igXD∗DXµν
[
D̄
←→
∂ νD∗µ − D̄∗µ

←→
∂ νD

]
, (20)

LψDD = gψDDψ
µ(D̄∂µD − D∂µD̄), (21)

where

gXD∗D = 2g

√
3
2
√

mXmD∗mD, (22)

gψDD = −2g

√
15
3
√

mψmD. (23)
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For the vertices in Fig. 3 (b) and (c) involving J/ψ, we use
Eqs. (15) and (17)-(19), which yield

LJ/ψDD∗ = igJ/ψDD∗εαρβλ[D̄
←→
∂ αD∗ρ − D̄∗ρ

←→
∂ αD]∂βJ/ψλ. (24)

The effective Lagrangians for the other vertices are given by
Refs. [30–33].

LσDD = −gσDDDD̄σ, (25)
LσD∗D∗ = gσD∗D∗D∗ · D̄∗σ, (26)
Lσππ = gσππσππ. (27)

Given the above Lagrangian densities, the decay amplitudes
corresponding to the triangle diagrams in Fig. 3, with the pi
4-momentum defined in the figure, are

M(b) +M(c) =
[
MD

DD̄∗ +MD∗
D̄D∗

]
×

√
2gσππ

p2
3 − m2

σ + imσΓσ
, (28)

where

MD
DD̄∗ = (i)3

∫
d4q

(2π)4

[
igXDD∗ε

ν
Xµ(ip2ν − ip1ν)

][
− gσDD

]
×
[
igJ/ψDD∗εαρβλ(iqα − ipα2 )ipβ4ε

∗λ
J/ψ

] 1
p2

1 − m2
D

×
1

q2 − m2
D

−gµρ + pµ2 pρ2/m
2
D∗

p2
2 − m2

D∗
F 2(q2), (29)

MD∗
D̄D∗ = (i)3

∫
d4q

(2π)4

[
igXDD∗ε

ν
Xµ(ip2ν − ip1ν)

][
gσD∗D∗

]
×
[
igJ/ψDD∗εαρβλ(−iqα + ipα1 )ipβ4ε

∗λ
J/ψ

] 1
p2

1 − m2
D

×
−gµτ + pµ2 pτ2/m

2
D∗

p2
2 − m2

D∗

−gρτ + qρqτ/m2
D∗

q2 − m2
D∗

F 2(q2).

(30)

In Eqs. (29) and (30), we introduce the monopole form fac-
tor

F (q2) = (m2
E − Λ2)/(q2 − Λ2), Λ = mE + αΛQCD (31)

to account for the unknown structure and the significant off-
shell effect of the exchanged D(∗) mesons [18, 39], where mE
and q denote the mass and 4-momentum of the exchanged D(∗)

mesons, respectively, and ΛQCD = 220 MeV. In Eq. (28), we
adopt the momentum-dependent form of Γσ for the propagator
of the σ meson [40] because the total decay width and mass
are of the same order, i.e.,

Γσ(mπ+π− ) = Γσ
mσ

mπ+π−

|~p(mπ+π− )|
|~p(mσ)|

, (32)

where |~p(mπ+π− )| =

√
m2
π+π−/4 − m2

π is the pion momentum,
and |~p(mσ)| is the pion momentum with an on-shell σ meson.

After the loop integrals in Eqs. (29) and (30) are performed,
the decay amplitudes in Eq. (28) can be further parameterized
as

M(b) +M(c) = 4Ap3θp3νp4ηε
λµθη ×

√
2gσππ(ενXµε

∗
J/ψλ)

p2
3 − m2

σ + imσΓσ
, (33)

where the amplitudes can be contracted to one independent
Lorentz structure, and all the factors are included in A. The
factor 4 comes from the contributions of four possible inter-
mediate channels: D0D̄∗0, D̄0D∗0, D+D∗−, and D−D∗+. Fur-
ther,

√
2 is the isospin factor of π+ and π−.

Finally, the total contribution to X(3823)→ J/ψπ+π− from
the three Feynman diagrams in Fig. 3 is

MTotal = M(a) + eiΦ[M(b) +M(c)], (34)

where we introduce the phase angle Φ as a measure of the
interference between the amplitudes of the triangle and direct
diagrams. According to the three-body decay formula [7], the
differential decay width for X(3823)→ J/ψπ+π− is

dΓ =
1

(2π)3

1
32M3

X

|MTotal|
2dm2

J/ψπ+ dm2
π+π− , (35)

where m2
J/ψπ+ = (p4 + k1)2, and m2

π+π− = (k1 + k2)2.

Before presenting our result, we need to determine the val-
ues of the coupling constants. The global coupling constant
g appearing in Eq. (17) can be obtained from Eqs. (21) and
(23) because we know the experimental value, Γ[ψ(3770) →
D0D̄0] = 14.1 MeV [7]. The constant is thus g =

1.37 GeV−3/2. From Eq. (22), we obtain the coupling con-
stant gXDD∗ = 12.7. Additionally, the coupling constant
gJ/ψDD = 8 in Eq. (24) can be related to gJ/ψDD∗ , which is
calculated using the vector meson dominance model and the
QCD sum rule [41–43]. Under heavy quark symmetry, we
have the relation gJ/ψDD = gJ/ψD∗D∗ = mDgJ/ψDD∗ . Further-
more, gσDD and gσD∗D∗ satisfy gσDD = gσD∗D∗ = mD∗gπ/

√
6

with gπ = 3.73 [44, 45]. We use mσ = 526 MeV for the the
mass of the σ meson in our calculation. By fitting the decay
width Γ(σ → π+π−) = 200 MeV [46], we obtain the cou-
pling constant gσππ = 1.8 GeV. These values are summarized
in Table I.

With the above coupling constants as input, we first show
the dependence on α, in Eq. (31), of the decay width of
X(3823) → J/ψπ+π− if we consider only the contributions
from Fig. 3 (b) and (c). The result, which is shown in Fig. 4,
indicates that the contribution from the coupled-channel effect
to X(3823) → J/ψπ+π− becomes larger when α is increased.
At present, we cannot fix the value of α using the experimen-
tal data. We choose a typical value of α = 4.2 as adopted in
Ref. [33], where the decay width from the coupled-channel
effect only is comparable with that from the direct decay.

IV. COUPLED-CHANNEL RESULTS

Now, we have fixed all the parameters in our work ex-
cept for the phase angle Φ in Eq. (34). Without any exper-
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FIG. 4: (color online). Dependence of the decay width of X(3823)→
DD∗ → J/ψπ+π− on α and phase angle Φ considering only Fig. 3
(b) and (c).

TABLE I: Values of the parameters used in our calculations.

mX(3823) mJ/ψ mD mD∗ mπ

3.823 GeV 3.096 GeV 1.865 GeV 2.007 GeV 0.139 GeV

gXJ/ψππ gXDD∗ gψDD gJ/ψDD∗ gJ/ψDD

12.4 GeV−1 12.7 −12.8 4.3 GeV−1 8

gσDD (gσD∗D∗ ) gσππ mσ Γσ α

3.1 GeV 1.8 GeV 0.526 GeV 0.302 GeV 4.2

imental constraints, this parameter is entirely free. There-
fore, we compute the dependence of the total decay width of
X(3823)→ J/ψπ+π− on the phase angle Φ, the π+π− invariant
mass distribution dΓ[X(3823) → J/ψπ+π−]/dmπ+π− , and the
polar angle distribution dΓ[X(3823) → J/ψπ+π−]/d cos θ for
Φ values ranging over the entire trigonometric circle. These
results are presented in Fig. 5 and Fig. 6. The total decay
width and the π+π− invariant mass distribution are found to
vary dramatically with Φ, but the polar angle distributions
almost keep the fixed line-shape. For Φ within the third
and fourth quadrants, the S-wave part is dominant, and most

Φ (Rad.)
-3 -2 -1 0 1 2 3

Γ
 (

ke
V

)

60

70

80

90

100

110

120

FIG. 5: (color online). Dependence of the total decay width of
X(3823) → J/ψπ+π− on phase angle Φ considering Fig. 3 (a), (b),
and (c). Here, α was fixed at 4.2 to obtain these results.

events scatter perpendicularly to the initial particle momen-
tum, although the particular shape of the distribution changes
slightly with the variation of Φ. However, when Φ lies in
the first and second quadrant, the contribution from S-wave
is largely suppressed and D-wave becomes the dominant one,
the angular distribution stays the same with when Φ lies in the
third and fourth quadrant. Except for the cases Φ = 3π/4, it is
difficult to distinguish which partial wave contribution is big-
ger in the π+π− propagation, there seems to be a symmetric
relation between the dominance of different partial wave and
the value of Φ. Fig. 6 shows that we can’t qualitatively judge
the relative phase Φ from angle distribution, thus the precise
measurement about the π+π− mass spectrum is needed.

When we compare this result with the result from QCDME
in Fig. 2 (a), we see there is always a difference between
the mπ+π− distributions with and without coupled-channel
interference, for any angle Φ, although for small Φ angles, the
results become more similar. In addition, when we compare
the results in Fig. 6 with the sparse data in Fig. 2 (b), we see
that small angles for Φ are favored. Finally, the full widths,
also given in Fig. 6, are sensitive to Φ as well. Given the anal-
ysis, we conclude that only data, so far sparse or nonexistent
for X(3823)→ J/ψπ+π−, can yield more definite conclusions.

V. SUMMARY AND CONCLUSIONS

Very recently, a true charmonium-like state, X(3823), was
established by the Belle and BESIII collaborations in the ra-
diative decay channel χc1γ. Moreover, a signal with low statis-
tics was found two decades ago, by the E705 experiment in
the same energy region, but in the hadronic decay channel
J/ψπ+π−. This new state is most likely to be the missing char-
monium ψ(13D2).

In this work, we studied the decay X(3823) → J/ψπ+π−

within two different theoretical frameworks, the QCDME
and the effective Lagrangian approach, including hadronic
loops. The first method accounts for only the direct process,
whereas the second method includes, not only the direct pro-
cess, but also the coupled-channel effects due to the nearby
closed OZI-allowed channel DD̄∗. We computed the par-
tial decay width distribution with the dipion invariant mass,
Γ[X(3823) → J/ψπ+π−]/dmπ+π− , within both approaches. If
we neglect the coupled-channel effect and only consider the
direct decay X(3823) → J/ψπ+π−, within QCDME, we find
disagreement with the scarce data from the E705 experiment,
in particular for lower values of the dipion kinetic energy. This
type of inaccuracy of the QCDME has been discussed in other
works [17], as the method does not include nonperturbative ef-
fects. If we include the coupled-channel by using the hadronic
loop mechanism, we see there is always interference between
the direct process and the indirect processes in Fig. 3. The
measure of the interference is an unknown phase Φ. We vary
Φ over its whole range and draw some conclusions: 1) The
results of two methods do not match for any angle Φ, showing
that there is always a nonperturbative interference caused by
the coupled-channel. 2) the specific line shape of the dipion
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FIG. 6: The π+π− invariant mass distribution dΓ[X(3823) → J/ψπ+π−]/dmπ+π− and the angular distribution dΓ[X(3823) → J/ψπ+π−]/d cos θ
including the coupled-channel effect. Here, typical values of the phase angle Φ are taken, and the corresponding total decay width is listed.

invariant mass changes dramatically with Φ, but the E705 data
excludes values between [−π,−π/4] and [π/4, 3π/4]. 3) For
small Φ angles, the decay distribution over the scattering angle
θ is mostly in the perpendicular direction in relation with the
momentum of the X(3823). 4) Scenarios in Fig. 6 correspond-
ing to Φ between [0, π/4] are favored. 5) Favored scenarios
correspond to partial decay widths Γ(X(3823) → J/ψπ+π−)
between 68.1 and 64.3 keV, values much within the experi-
mental upper limit of 16 MeV.

Motivated by our nonperturbative coupled-channel results,
we suggest new experimental studies in channel X(3823) →
J/ψπ+π−, which should be analyzed in terms of the mπ+π− in-
variant mass distribution, and in the scattering angle distri-
bution as well. We stress that such an analysis in this golden

channel is relevant, not only to establish the expected hadronic
decay of ψ(13D2), but will also provide theoretical insight into
the contribution of coupled-channel effects in hadronic transi-
tions. Indeed, the present work already shows that the OZI-
allowed channel, although it is closed, yet relatively nearby,
influences an OZI-suppressed decay, however only experi-
ment will allow us to quantify the strength of this influence
and determine the Φ parameter. Nevertheless, we can al-
ready conclude that any realistic description of any hadron
state should not neglect the nearby OZI-allowed hadronic de-
cay channels. If this is true for the present state, which is not
radially excited and is still below any opened channels, it will
be even more true for the higher radially excited resonances
or for light-quark systems.
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